Bone marrow disorder is one of the major causes of non-regenerative anemia in dogs, and is categorized into neoplastic, hypoplastic, or dysplastic diseases \[[@r19]\]. Besides neoplastic diseases, bone marrow disorders that could cause non-regenerative anemia in dogs include aplastic anemia (AA), essential thrombocytosis (ET), myelofibrosis (MF), myelodysplastic syndrome (MDS), non-regenerative immune-mediated anemia (NRIMA), and pure red cell aplasia (PRCA) \[[@r5], [@r6], [@r14], [@r17], [@r21], [@r22]\]. Recently, a concept of precursor-targeted immune-mediated anemia (PIMA) was also proposed as an immune-mediated disease that causes non-regenerative anemia \[[@r12]\]. PIMA is characterized by phagocytosis of intact erythroid precursors by intact macrophages in bone marrow or spleen \[[@r12]\].

It has been previously reported in the United States that Labrador Retrievers and Miniature Dachshunds are predisposed to NRIMA and PIMA, respectively \[[@r2], [@r17]\]. However, no study on the breed predisposition of bone marrow disorders has been conducted in Japan. Hence, the primary objective of this study was to investigate the breed disposition of bone marrow disorders other than neoplastic diseases (non-neoplastic bone marrow disorders) that can induce anemia in dogs in Japan. In this retrospective study, we found that the breed Miniature Dachshund (MD) was significantly overrepresented when examining non-neoplastic bone marrow disorders that induce anemia. Thus, our secondary objective was to investigate the clinical and clinicopathological features of non-neoplastic bone marrow disorders observed in this breed.

MATERIALS AND METHODS {#s1}
=====================

Retrospective investigation of predisposed breeds of bone marrow disorders that induce anemia
---------------------------------------------------------------------------------------------

Medical records of dogs referred to Veterinary Medical Center of the University of Tokyo (UT-VMC) and diagnosed with non-neoplastic bone marrow disorders between April 2017 and March 2018 were retrospectively reviewed. Non-regenerative anemia was defined as moderate to severe anemia (Hct \<30%) of minimum 5-day history with absolute reticulocyte count \<60 × 10^3^ /*µl* according to a previous study \[[@r17]\]. All dogs underwent a physical examination, complete blood count (CBC), blood biochemistry, radiographic and ultrasonographic examinations, and bone marrow aspiration. Dogs were excluded if they had apparent causes other than bone marrow disorders that could induce anemia based on the results of the blood examinations and diagnostic images described above. Diagnosis for each dog was made by three clinicians (A. Ohmi, H. Tomiyasu and H. Tsujimoto). Information on age, sex, and breed of the dogs were extracted from the medical records, and the predisposed breed was investigated.

Clinical and clinicopathological features of bone marrow disorders in MDs
-------------------------------------------------------------------------

In the first retrospective study, we found that MD was significantly overrepresented with non-neoplastic bone marrow disorders that induce anemia. Therefore, we decided to investigate the clinical and clinicopathological features of non-neoplastic bone marrow disorders observed in MDs. For this purpose, the medical records of dogs that were referred to UT-VMC and diagnosed with non-regenerative anemia due to non-neoplastic bone marrow disorders between April 2015 and March 2018 were retrospectively reviewed according to the same inclusion criteria as those in the first retrospective study.

The information on clinical history; signalments; the results of physical examination, CBC, blood biochemistry, autoagglutination test, direct Coombs test, radiographic and ultrasonographic examinations, and bone marrow aspiration; treatments, and outcomes were extracted from the medical records.

In the examinations of bone marrow smears, 1,000 cells were evaluated on each slide, and the cellularity, myeloid-to-erythroid (M-E) ratios, and blast cell to all nucleated cell (ANC) ratios were evaluated as previously described \[[@r18]\]. In addition, granulocyte maturation ratio and erythroid maturation ratio were investigated as previously reported \[[@r20]\]. Granulocyte maturation ratio was calculated using the following formula: (myeloblasts + promyelocytes + myelocytes)/ (metamyelocytes + band neutrophils + segmented neutrophils). Erythroid maturation ratio was calculated using the following formula: (rubriblasts + prorubricytes)/ (rubricytes + metarubricytes). The reference ranges of granulocyte maturation and erythroid maturation ratios were set as 0.04--0.15 and 0.02--0.12, respectively, according to a previous study \[[@r20]\]. The following dysplastic features in each cell lineage were investigated: megaloblastic appearances, fragmented nuclei, and binucleate cells in erythroid cells; ring neutrophils, giant metamyelocytes, giant band neutrophils, and pseudo-Pelger-Huet cell morphology in myeloid cells; dysmorphic megakaryocytes with multiple nuclei, mononucleate megakaryocytes, and micro-megakaryocytes in megakaryocytes \[[@r10], [@r21]\], and the frequency of each dysplastic feature was calculated by dividing the number of cells with dysplastic features by total number of cells of the same cell lineage in each case. Regarding megakaryocytes, 25 cells of this lineage were examined in each slide to calculate the frequency of dysplastic features, according to a previous study \[[@r4]\]. These evaluations of bone marrow smear were conducted by one clinician (A. Tani). In addition, the bone marrow core biopsy specimens were evaluated using hematoxylin-eosin staining to examine fibrosis in the bone marrow.

Drugs used for the treatment and responsiveness to the treatments were also investigated. Since dogs with NRIMA or PRCA have been shown to respond to treatment within a maximum of 10 weeks after treatment initiation \[[@r17]\], dogs that could be followed for more than 2 months after treatment initiation were included for the evaluation of treatment responsiveness. The hematological improvement due to treatments was defined as the absence of blood transfusion for more than 2 months after last blood transfusion according to the response criteria in human medicine \[[@r7]\].

Comparison of clinical and clinicopathological features
-------------------------------------------------------

The distributions of age and sex, the results of CBC and blood biochemistry at diagnosis, and findings of peripheral blood and bone marrow smears were compared among MDs based on treatment responsiveness. The dogs were divided into treatment-responsive and -resistant groups based on the existence of hematological improvement with treatments, and the clinical and clinicopathological features described above were compared between the two groups. Since the number of platelets was significantly different between the two groups, receiver operator characteristic (ROC) analysis was performed to calculate sensitivity, specificity and optimal cutoff value of the number of platelets to predict the resistance to treatment.

Statistical analysis
--------------------

The Fisher's exact test was used to determine the predisposed breed and sex, and to compare the frequencies of morphological findings in peripheral blood and bone marrow smears. The Mann-Whitney *U* test was used to compare age and results of CBC and blood biochemistry. The Kaplan-Meier method and log-rank test were used to compare overall survival. ROC curves were prepared to evaluate the accuracy of the number of platelets in predicting the resistance to treatment. A *P*-value \<0.05 was considered statistically significant. All statistical analyses were performed using the statistical program R 3.5.0 (<http://cran.r-project.org>).

RESULTS {#s2}
=======

Investigation of the predisposed breed of bone marrow disorders that induce non-regenerative anemia
---------------------------------------------------------------------------------------------------

Thirty-three dogs were included in the first retrospective study. The median age was 10.9 years (range: 1--15.8 years). Sixteen dogs were male (10 were castrated) and 17 were female (13 were neutered). There were 22 MDs, 3 Toy Poodles, 2 mix-breed dogs, and 1 each of Cavalier King Charles Spaniel, French Bulldog, Shetland Sheepdog, Shiba Inu, Pug, and Yorkshire Terrier. The odds ratios (ORs) of these dogs against all dogs admitted to UT-VMC for the same period are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.The prevalence of each breed diagnosed as non-neoplastic bone marrow disorders with non-regenerative anemiaBreedNumber of casesNumber of dogs\
admitted to UT-VMCOdd's ratio*P*-valueMiniature Dachshund2240212.20\<0.001Toy Poodle33770.620.612Mix22220.731Cavalier King Charles Spaniel1342.520.340French Bulldog1940.881Shetland Sheepdog1521.620.471Shiba Inu11040.791Pug1412.080.394Yorkshire Terrier11090.751UT-VMC, Veterinary Medical Center of The University of Tokyo.. Among these breeds, the OR of MD was 12.20 (95% confidence interval: 5.61--28.12), and this breed was significantly overrepresented (*P*\<0.001).

Clinical and clinicopathological features of bone marrow disorders in MDs
-------------------------------------------------------------------------

Based on the results of the first retrospective study, we decided to investigate the clinical and clinicopathological features of bone marrow disorders that induce non-regenerative anemia in MDs. Twenty-one MDs were included in the second retrospective study. The median age was 12.5 years (range: 4.3--15.8 years). Seven dogs were male (5 were castrated) and 14 were female (12 were spayed). During the same period, 311 male, 510 castrated male, 201 female, and 535 spayed female dogs were referred to UT-VMC, and it was revealed that spayed female MDs were significantly overrepresented (*P*=0.035). MDs were treated at the primary hospital using corticosteroids (17 dogs), antibiotics (14 dogs), blood transfusion (7 dogs), cyclosporine (3 dogs), mycophenolate mofetil (2 dogs), and leflunomide (1 dog). On the first admission to UT-VMC, physical examination showed mild to severe pale mucous membranes in 21 dogs, cardiac murmur in 5 dogs, tachycardia in 1 dog, and tachypnea in 1 dog.

Regarding laboratory tests, all dogs showed moderate to severe non-regenerative anemia (range: 7.0--24.7%) ([Table 2](#tbl_002){ref-type="table"}Table 2.The results of complete blood count in Miniature Dachshunds at first admissionMedian (Range)Reference rangeHematocrit (%)19.1 (7−24.7)37.3−61.7RBC (×10^6^/*µl*)2.7 (0.9−4.3)5.85−8.67Hemoglobin (g/d*l*)6.2 (1.9−8.4)13.1−20.5Reticulocyte (×10^3^/*µl*)15.8 (5.3−55.9)\<60.0WBC (×10^3^/*µl*)11.3 (5.9−50.4)5.05−16.76Platelet (×10^3^/*µl*)524 (127−2,268)148−484). The white blood cell (WBC) count was within the reference range in 16 dogs. Five dogs showed leukocytosis (range: 23--50 × 10^3^/*µl*). The platelet count was within the reference range in 9 dogs. Eleven dogs showed thrombocytosis (range: 520--2,260 × 10^3^/*µl*), and 1 dog showed thrombocytopenia (130 × 10^3^ /*µl*). Regarding blood biochemistry, the elevation of C-reactive protein (CRP) was commonly observed (14 dogs, range: 0.9--6.9 mg/d*l*). Thirteen dogs showed elevated alkaline phosphatase (ALP, range: 259--8,186 U/*l*), of which 9 were treated with corticosteroids before their admission to UT-VMC. Nine dogs showed elevated alanine transaminase (ALT, range: 93--907 U/*l*), of which 6 were treated with corticosteroids before their admission to UT-VMC. Autoagglutination test was negative in all the 19 examined dogs, and direct Coombs test was positive in 1 of the 19 dogs.

In the examinations of peripheral blood smears, hypersegmented neutrophils were found in 12 dogs ([Fig. 1a](#fig_001){ref-type="fig"}Fig. 1.Hypersegmented neutrophils (a) and platelets with spindle shape (b) observed in peripheral blood smears stained with Wright-Giemsa stain. Arrowheads indicate spindle-shaped platelets. Bar=10 *µ*m.). Ten of these 12 dogs were treated with corticosteroids before admission to UT-VMC. In addition, spindle-shaped platelets were found in 8 dogs ([Fig. 1b](#fig_001){ref-type="fig"}).

Radiographic examinations for the thorax and ultrasonographic examinations for the abdomen were performed in all 21 dogs. While 12 dogs showed no abnormalities, 5 showed mild splenomegaly, 2 showed mild hepatomegaly, and 2 showed both mild splenomegaly and hepatomegaly.

In the examinations of bone marrow smears, the cellularity could not be evaluated in 10 dogs due to the dilution by peripheral blood. For the remaining 11 dogs, the cellularity was normocellular in 5 and hypercellular in 6. In addition, 1,000 nucleated cells could be counted in 17 dogs. The median M-E ratio was 1.1 (range: 0.2--14), and the median blast cell ratio was 1% (range: 0.2--2.6%). Erythroid cells were hypercellular in 6 dogs, normocellular in 5 dogs, and hypocellular in 6 dogs. The median erythroid maturation ratio was 0.7 (range: 0.08--3.84), and it was above the reference range in 16 dogs. Myeloid cells were hypercellular in 6 dogs, normocellular in 5 dogs, and hypocellular in 6 dogs. The median granulocyte maturation ratio was 0.1 (range: 0.05--0.27), and it was above the reference range in 5 dogs. Megakaryocytes were hypercellular in 2 dogs, normocellular in 6 dogs, and hypocellular in 3 dogs.

The dysplastic morphological features were also examined in bone marrow smears, and the number of dogs with dysplastic features and the frequencies of each feature in the smears are shown in [Table 3](#tbl_003){ref-type="table"}Table 3.The number of Miniature Dachshunds with dysplastic features and the frequencies of these features in bone marrow smearsNumber of casesMedian frequency\
(Range) (%)Erythroid linageFragmented nuclei151.8 (0.2−5.1)Megaloblastic cells80.6 (0.2−6.2)Binucleate cells30.5 (0.2−2.0)Myerloid linageRing neutrophils50.2 (0.1−0.3)Giant metamyelocytes and neutrophils38.0 (5.8−8.3)Pseudo-Pelger-Huet cell morphology10.6Megakaryocytic linageDysmorphic megakaryocytes with multiple nuclei1312 (4−52)Mononucleate megakaryocytes54 (4−12)Micro-megakaryocytes44 (4−8). In erythroid cells, fragmented nucleus was most frequently observed (15 dogs; [Fig. 2a](#fig_002){ref-type="fig"}Fig. 2.Fragmented nucleus in the erythroid lineage (a), ringed neutrophil in the myeloid linage (b), and dysmorphic megakaryocyte with multiple nuclei (c) observed in bone marrow smears stained with Wright-Giemsa stain. Bar=10 *µ*m.), and the median frequency of this morphologic feature was 1.8%. In myeloid cells, ring neutrophil was the most frequent and observed in 5 dogs ([Fig. 2b](#fig_002){ref-type="fig"}), and the median frequency was 0.15%. In megakaryocytes, dysmorphic megakaryocytes with multiple nuclei were most commonly observed (13 dogs; [Fig. 2c](#fig_002){ref-type="fig"}), and the median frequency was 12%. One or more dysplastic morphological features were observed in all 21 dogs. Phagocytosis of intact erythroid precursors by intact, normal-appearing macrophages, which was described in PIMA \[[@r12]\], was not observed in any of the 21 dogs.

Histopathological examinations of bone marrow core samples were conducted in 19 dogs. Fibrocyte augmentation was observed in 3 dogs, and moderate to severe fibrosis was observed in 6 dogs ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Severe fibrosis observed in bone marrow core biopsy stained by hematoxylin-eosin stain. Bar=50 *µ*m.).

All dogs were treated with prednisolone, and median of the largest dose of prednisolone in each case was 1.8 mg/kg/day (range: 1.3--3.4 mg/kg/day). Immunosuppressive drugs were also used in some cases as follows: cyclosporine (median: 7.5 mg/kg/day, range: 4--12 mg/kg/day) in 15 dogs, mycophenolate mofetil (median: 21 mg/kg/day, range: 20--30 mg/kg/day) in 6 dogs, leflunomide (median: 3.7 mg/kg/day, range: 3.4--4 mg/kg/day) in 2 dogs, and azathioprine (median: 1.5 mg/kg/day, range: 1--2 mg/kg/day) in 2 dogs. In addition, antibiotics were used in 20 dogs, menatetrenone (median: 1.4 mg/kg/day, range: 0.7--2.1 mg/kg/day) in 14 dogs, and hydroxycarbamide (12.5 mg/kg/day) in 1 dog.

One dog could not be followed for 2 months and one died from acute enteritis at 7 weeks after diagnosis. Therefore, treatment responsiveness and prognosis could be investigated in 19 dogs. Three dogs responded to corticosteroid alone, whereas 6 responded to corticosteroid and immunosuppressive drugs, and the median duration from treatment initiation to response was 78 days (range: 61--150 days). Ten dogs did not respond until 6 months after treatment initiation. Based on these observations, 9 dogs were assigned to the treatment-responsive group and 10 to the treatment-resistant group. During the study period, 5 dogs died from variable causes. Three dogs died from acute hemolytic transfusion reaction during blood transfusion on day 78, 82 and 90, respectively. One dog died on day 507 and was diagnosed with systemic histiocytosis on autopsy. The cause of death was unclear in the remaining 1 dog.

Comparison of clinical and clinicopathological features between treatment-responsive and -resistant MDs
-------------------------------------------------------------------------------------------------------

Based on the response to treatment, 9 MDs were assigned to the treatment-responsive MD group and 10 were assigned to the treatment-resistant MD group. No significant difference was observed in age and sex distribution between the two groups. The number of platelets of MDs in the treatment-resistant group was significantly higher than that of MDs in the treatment-responsive group (*P*=0.004, [Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Comparison of platelet counts between treatment-responsive and treatment-resistant Miniature Dachshunds. \**P*\<0.05.). When evaluating peripheral blood smears, we found that hypersegmented neutrophils tended to be more frequently observed in the treatment-resistant MD group than in the treatment-responsive MD group (*P*=0.07, [Table 4](#tbl_004){ref-type="table"}Table 4.Comparisons of the clinical and clinicopathological features between treatment-responsive and -resistant Miniature DachshundsResponsive (n=9)Resistant (n=10)*P*-valueCBCHematocrit (%)19.1 (7−24.6)18.1 (10.8−23.1)0.858Reticulocyte (×10^3^/*µl*)20.9 (8.9−52.4)13.8 (5.3−55.9)0.360WBC (×10^3^/*µl*)13.3 (5.9−49.2)11.3 (7.9−50.4)0.780Neutrophil (×10^3^/*µl*)10.4 (4.4−44.1)9.3 (6.1−42.4)0.842Lymphocyte (×10^3^/*µl*)1.6 (0.7−4.0)1.2 (0.3−2.4)0.095Platelet (×10^3^/*µl*)200 (127−951)1,116 (178−2,268)0.004BiochemistryALT (U/*l*)63 (35−102)113 (18−907)0.243ALP (U/*l*)319 (29−1,008)590 (173−8,186)0.278BUN (mg/d*l*)16.3 (8−39.3)14.8 (9.8−27.2)1Creatinine (mg/d*l*)0.5 (0.2−0.7)0.2 (0.1−1.2)0.092CRP (mg/d*l*)1.2 (0.7−6.9)0.9 (0.3−6.9)0.344Periperal blood smearHyper-segmented neutrophil380.07Spindle shape platelet170.02Bone marrow smearGranulocyte maturation ratio0.19 (0.06−0.27)0.07 (0.05−0.12)0.01CBC, complete blood count; WBC, white blood cell; ALT, alanine transaminase; ALP, alkaline phosphatase; BUN, blood urea nitrogen; CRP, C-reactive protein.). No significant difference was observed in the proportions of dogs treated with corticosteroid before diagnosis between the two groups. Spindle-shaped platelets were significantly more frequent in the treatment-resistant MD group than in the treatment-responsive MD group (*P*=0.02).

When evaluating bone marrow samples, we could examine 8 treatment-responsive MDs and 8 treatment-resistant MDs. The granulocyte maturation ratio was significantly higher in the treatment-responsive MD group than in the treatment-resistant group (*P*=0.01), and all dogs with granulocyte maturation ratio above the reference range were included in the treatment-responsive group. On the other hand, there was no significant difference in the M-E ratio, erythroid maturation ratio, and the frequencies of erythroid cells with fragmented nuclei, ring neutrophils, and dysmorphic megakaryocytes with multiple nuclei. Mild to severe myelofibrosis was observed only in 4 treatment-resistant MDs, although there was no significant difference in the frequency of myelofibrosis between the two groups (*P*=0.087). Treatment-responsive dogs showed significantly longer survival times compared with -resistant dogs ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Comparison of overall survival between treatment-responsive (solid line) and treatment-resistant (dotted line) Miniature Dachshunds., *P*=0.03).

ROC curve analysis was also conducted to evaluate sensitivity, specificity and optimal cutoff value of the number of platelets to predict the resistance to treatment. The area under the ROC curve was 0.89, and a cut-off number of platelets of 1,115 × 10^3^/*µl* was determined as a point where the sum of sensitivity and specificity values were the highest. When this cut-off value was used, the sensitivity and specificity to predict the resistance to treatments were 0.60 (6/10) and 1.00 (0/9), respectively. The median overall survival of dogs with platelets of \>1,115 × 10^3^/*µl* was 354 days (range: 82--766 days), whereas that of dogs with platelets of \<1,115 × 10^3^/*µl* were 878 days (range: 78--2,986 days). Although the difference in overall survival was not statistically significant, the overall survival of dogs with platelets of \>1,115 × 10^3^/*µl* tended to be shorter than that of dogs with platelets of \<1,115 × 10^3^/*µl* (*P*=0.052, [Fig. 6](#fig_006){ref-type="fig"}Fig. 6.Comparison of overall survival between Miniature Dachshunds with platelets of \<1,115 × 10^3^/*µl* (solid line) and those with platelets of \>1,115 × 10^3^/*µl* (dotted line).).

DISCUSSION {#s3}
==========

In this study, we investigated the breed predisposition of dogs diagnosed with non-neoplastic bone marrow disorders that induce anemia. As a result, MD was identified as a predisposed breed of non-neoplastic bone marrow disorders in Japan. In the United States, Miniature Dachshunds were reported as a predisposed breeds for PIMA \[[@r2]\]. It was reported that MD was a breed commonly predisposed to inflammatory colorectal polyps and sterile panniculitis, which were rare in other breeds \[[@r16], [@r23]\]. It is possible that breed-specific genetic aberration might be an underlying cause of non-neoplastic bone marrow disorders seen in MDs in Japan.

Next, we retrospectively investigated clinical and clinicopathological features of MDs diagnosed with non-neoplastic bone marrow disorders. On signalment, spayed females were significantly overrepresented in MDs. In previous studies, spayed females were also significantly predisposed to be diagnosed with NRIMA, PRCA, and PIMA \[[@r2], [@r17], [@r22]\], but the underlying causes have been unknown.

With regard to laboratory tests, autoagglutination tests were negative in all MDs, and direct Coombs test was positive only in 1 dog in MDs. Since it was previously reported that 57% of dogs diagnosed as having NRIMA or PRCA showed a positive direct Coombs test \[[@r17]\], the proportions of dogs with positive direct Coombs test results seemed to be low in the present study. Meanwhile, one or more dysplastic morphological features were found in the bone marrow of all dogs. However, the frequencies of these features in each smear were considered low because previous reports showed that dysplastic features were more than 10% or 25% of each lineage in canine MDS \[[@r3], [@r21]\]. Sixteen of 17 MDs showed an elevation in the erythroid maturation ratio. An increase in the erythroid maturation ratio or left-shifted erythroid maturation was reported in MDS, NRIMA, and PIMA \[[@r12], [@r17], [@r21]\]. Since clear phagocytosis of erythroid precursors by intact macrophage was not observed in any case, PIMA could be excluded as a diagnosis for MDs included in the present study. However, all dogs were considered to harbor clinicopathological features that were similar to both MDS and NRIMA, and it was unclear which disease was more suitable as the diagnosis for these MDs.

Thrombocytosis was observed in 11 of 21 MDs at initial admission. Additionally, the number of platelets was significantly increased in treatment-resistant MDs compared with treatment-responsive MDs, and a cut-off number of platelets of 1,115 × 10^3^/*µl* might be useful to predict the resistance to treatment and prognosis. Hypersegmented neutrophils tended to be more frequently observed in treatment-resistant MDs compared with treatment-responsive MDs. Furthermore, spindle-shaped platelets were significantly increased in treatment-resistant MDs compared with treatment-responsive MDs. These observations indicated that bone marrow disorders in treatment-resistant MDs might harbor distinct features compared with -responsive dogs, and sensitivity to immunosuppressive treatments could be predicted based on the number of platelets and the morphological features in peripheral blood.

Thrombocytosis is observed in cases with ET, which is characterized by hyperplasia of megakaryocytic lineage \[[@r14]\]. Since 2 of 21 dogs showed hyperplasia of megakaryocyte lineage in the present study, it was possible that they might be affected with ET. However, various kinds of dysplastic features were also observed on bone marrow smears in these dogs, and it was thought that ET was not suitable as a definitive diagnosis for these dogs.

Hypersegmented neutrophils are evaluated as a dysplastic feature in human MDS patients \[[@r24]\]. Although hypersegmented neutrophils were reported to be observed after administration of corticosteroids \[[@r11]\], no significant difference was observed in the frequency of corticosteroid administration between treatment-responsive MDs and treatment-resistant MDs. Subsequently, it is reasonable to consider hypersegmented neutrophils as dysplastic features in the present study. Spindle-shaped platelets have been poorly reported, but similar platelets were reported in human hematopoietic neoplasms \[[@r8]\]. Therefore, it is possible that treatment-resistant MDs harbored a bone marrow disorder that was similar to MDS.

The granulocyte maturation ratio was significantly higher in treatment-responsive MDs compared with treatment-resistant MDs. An increase in this ratio has been observed in various conditions, such as infection, corticosteroid treatment, hemorrhage, metabolic acidosis, and postoperative states \[[@r9]\], but the causes of this increase in treatment-responsive MDs were unclear in the present study.

In human medicine, patients are diagnosed as MDS-unclassifiable (MDS-U) when they show persistent cytopenia(s), no significant unequivocal dysplastic features in hematopoietic cells, blast cell ratios of less than 5% in bone marrow, and MDS-defining cytogenetic abnormalities \[[@r13]\]. Considering these features, it is possible that bone marrow disorders of MDs in the present study were similar to MDS-U. However, the diagnosis of MDS-U was difficult in these dogs because cytogenetic abnormalities relating to MDS have not been elucidated in dogs.

Both anemia and thrombocytosis were observed in some MDs especially in treatment-resistant group. In human medicine, myelodysplastic and myeloproliferative neoplasms (MDS/MPNs) are defined as a heterogeneous group diagnosed based on both features of MDS and MPN. Considering the clinicopathological features of treatment-resistant MDs, part of these dogs might be affected with disorders similar to MDS/MPN-unclassifiable (MDS/MPN-u), which is one of the types of MDS/MPNs \[[@r1]\].

Interestingly, it was reported that non-regenerative anemia and thrombocytosis, which were similar to the observations in treatment-resistant MDs, were observed in a mouse model of human MDS where the *ASXL1* gene was mutated \[[@r15]\]. Additionally, the frequencies of dysplastic features in this mouse model were reported as relatively low \[[@r15]\], which were also similar to the observations in treatment-resistant MDs. Taken together, genetic aberration might be related to the pathogenesis of the bone marrow disorder seen in treatment-resistant MDs.

One of the limitations of the present study is that a standardized treatment protocol could not be conducted for all dogs because this study was preliminary retrospective one. An additional limitation is that the present study was conducted at a single facility. It is also a limitation that the evaluations of peripheral blood and bone marrow smears were not conducted by a third person who is board-certified and blinded to the outcomes of the dogs. Furthermore, the number of dogs included in the present study was relatively low, and some comparisons might not have enough statistical power to show significant differences. Therefore, prospective studies at multiple facilities using larger sample sizes are needed.

In conclusion, we found that, in Japan, MD was predisposed to bone marrow disorder that induced anemia. The investigations of the clinical and clinicopathological features of non-neoplastic bone marrow disorders in MDs revealed that bone marrow disorders of treatment-resistant MDs might harbor distinct features compared with other dogs. In addition, it is possible that the sensitivity to immunosuppressive treatments in MDs could be predicted based on the number of platelets and dysplastic features in the peripheral blood. In the future, cytological evaluations of peripheral blood and bone marrow smears by board-certified and blinded specialists are essential to elucidate these findings, and further studies, including examinations of genome aberrations, are needed to elucidate the pathophysiology of bone marrow disorders observed in MDs.
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